ABSTRACT: The objective of this study was to determine the effect of different sliding interface materials (counterface) on the cartilage lubricating ability of proteoglycan 4 (PRG4) and hyaluronan (HA) by measuring the kinetic coefficient of friction on cartilage-glass and cartilage-cartilage interfaces over a wide range of sliding velocities. The lubrication properties of PRG4 and HA were assessed at cartilage-glass and cartilage-cartilage interfaces using a previously described test setup with a stationary area of contact. Samples were articulated at varying effective sliding velocities of 10, 3, 1, 0.3, 0.1, and 0.01 mm/s. The response of PRG4 and HA as effective friction-reducing cartilage boundary lubricants was varied and was dependent primarily on the test counterface. At a physiological cartilage-cartilage interface both HA and PRG4 effectively reduced friction compared to PBS at slower speeds while at higher speeds PRG4 was similar to PBS, and HA similar to SF. Conversely, at a cartilage-glass interface HA demonstrated no friction reducing ability compared to PBS, and PRG4 appeared just as effective as SF. Cartilage-glass friction coefficients were also significantly greater than cartilage-cartilage friction coefficients. These results indicate the in vitro friction coefficient of putative cartilage boundary lubricants can be affected by the test counterface and suggest that use of synthetic surfaces in studying cartilage boundary lubrication may not always be appropriate for all molecules of interest. As such, care should be taken when interpreting such data, specifically when comparing to in vitro data obtained at a cartilage-cartilage interface, and especially when extrapolating to in vivo situations. ß
Synovial fluid (SF) is a viscous ultrafiltrate of blood plasma found within diathroses joints. The role of SF in the joint is manifold; it reduces the friction and wear between the articulating interfaces, provides nutrients to the articular cartilage, and has a dampening effect when compressive forces are exerted due to its viscoelastic feature. 1 SF is composed of lubricating macromolecules such as Proteoglycan 4 (PRG4) and Hyaluronan (HA).
2 PRG4, also known as lubricin 3 and superficial zone protein, 4 is a mucin-like glycoprotein that exists in SF and at the surface of the articular cartilage; PRG4 is required for joint lubrication and health. 5 HA, a glycosaminoglycan polymer that is also present in SF and at the surface of cartilage, is another cartilage lubricating molecule that is key to the viscoelastic properties of SF. 6 Both PRG4 and HA have both been shown to reduce friction in boundary mode lubrication at a cartilage-on-cartilage interface. 2, 7 Furthermore, PRG4 and HA synergistically reduce friction at a cartilage-on-cartilage interface to levels close to that of whole SF. 2 Joint lubrication can vary dependent on the load applied, speed of articulation, and/or the viscosity of the fluid between the articulating surfaces. 8 The opposing articular cartilage in a synovial joint makes contact approximately over 10% of the total area, 9 and the low sliding speeds at the articular cartilage surfaces result in a boundary mode of lubrication being predominant in these situations. 10 The boundary mode of lubrication occurs when surface contact occurs between two articulating interfaces, and lubricating molecules bound at the interface is required to reduce friction. There is a large literature on the boundary lubrication of cartilage, which has been reviewed and discussed extensively elsewhere. [11] [12] [13] [14] Boundary lubrication is classically defined and characterized using the Stribeck curve analysis by varying speed, load, and/or viscosity. Stribeck analysis enables observations of changes to the coefficient of friction, and therefore characterization of mechanical mechanisms of lubrication (e.g., boundary lubrication). While this is commonly, and historically, employed at different stiff and impermeable synthetic interfaces, 15 it may not be appropriate for soft and porous tissues such as the articular cartilage. Recently, Dunn et al. demonstrated there are differences in lubricity measurements when comparing a glass probe (stiff and impermeable) against a hydrogel (soft and permeable) versus measuring the interface between two hydrogels. 15 Indeed, the presence of a material with hydrogel properties, with or without the glass probe, was unable to recreate the normal characteristics of a Stribeck curve. Specifically, the normally well-captured lubrication modes (e.g., fluid film, elastohydrodynamic, mixed, and boundary lubrication), as assessed by variation in the friction coefficient as a function of a dimensionless bearing number, were not observed with self-mating ("gemini") hydrogel contacts. Dunn et al. observed much less change in friction as velocity varied and postulated a "elastoviscous transition" from fluid film lubrication to mesh-confined lubrication of hydrogels. This suggests the characteristic transitions between lubrication regimes at a cartilage-cartilage interface may not be consistent with what Stribeck and others observed in conventional bearings, and supports the notion that measuring the frictional response of just one half of the cartilage-cartilage interface using a stiff, impermeable surface may not be representative of physiological lubrication.
To assess the lubricating ability of molecules such as PRG4 and HA, several methods and protocols have been developed. Ex vivo methods are generally considered the most physiologically relevant in studying joint friction, such as a whole joint pendulum. 16 When using this method of analysis a wide range of lubrication modes are operative enabling physiological relevant analyses of lubricants, however, it is not possible to define the exact mode of lubrication. The use of in vitro stationary area of contact test setups with slow articulating velocities enables analysis of lubricants in the boundary mode of lubrication. A latex-glass interface has been used with a rotational geometry 10, 17 and cartilage-glass interface using linear reciprocating geometry have also been utilized. 18, 19 The use of a cartilage-cartilage stationary area test setup with a rotational geometry enables analysis of boundary lubricants at a physiologically relevant interface. 20 In this work, Schmidt and Sah 20 elucidated the dependence of the friction properties on sliding velocity, axial load, and time to establish conditions where a boundary mode of lubrication was dominant, and demonstrated SF functioned as an effective friction lowering boundary lubricant for native articular cartilage surfaces. While the use of such a rotational cartilage-cartilage setup may not be representative of classic engineering Stribeck analysis (due to its stationary contact area and lack of an entraining edge during relative motion of the articulating surfaces 20 ), as has been done with the cartilage-glass linear reciprocating system, 19 the use of a cartilage-cartilage interface does enable interaction of lubricants with articular cartilage surfaces, that may not occur with synthetic materials. 21 The results from these various studies, and conclusions drawn, related to the boundary lubricating properties of PRG4 and HA have varied. PRG4 has consistently demonstrated friction reducing ability under boundary lubrication conditions at cartilagecartilage, 2 cartilage-glass, 18, 19 as well as latex-glass 10 interfaces. Conversely, HA has been reported to function as a boundary lubricant for only the cartilagecartilage interface, 2,7 but not for a latex-glass interface with a rotational geometry and under slow sliding velocities, 10 or at a linear reciprocating cartilage-glass interface by Bonnevie et al. 19 In the latter study, HA's lubricating abilities were attributed entirely to its viscous properties using Stribeck type analysis; HA was found to have no effect on the boundary mode friction coefficient of healthy cartilage (when articulated against a glass surface). Bonnevie et al. further reported nonspecific interactions between PRG4 and HA resulting in PRG4 concentrating HA near the tissue surface and thus promoting a transition to low friction consistent with the theory of viscous boundary lubrication. These reported discrepancies between HA's cartilage boundary lubricating ability at a cartilage-cartilage interface, and those using a synthetic interface, may have been due to an inability of HA to functionally interact with the test surfaces. Indeed, while each set of test interfaces has their experimental advantages and disadvantages for the study of cartilage boundary lubrication, those interfaces containing synthetic surfaces may allow for some, but perhaps not all of the physiological interactions that occur between lubricants and cartilage surfaces. 15, 21 The objective of this study was to determine the effect of different sliding interface materials (counterface) on the cartilage lubricating ability of PRG4 and HA by measuring the kinetic coefficient of friction on cartilage-glass and cartilage-cartilage interfaces over a wide range of sliding velocities.
METHODS
Solution Preparation PRG4 PRG4 was prepared from fresh skeletally mature bovine stifle joints obtained from a local abattoir (Calgary, AB, Canada). 2 Cartilage discs were cultured in Dulbecco's Modified Eagle's Medium (Life Technologies, Carlsbad, CA) with 0.01% bovine serum albumin, with the addition of 25 mg/ml of ascorbic acid and 10 ng/ml of recombinant human transforming growth factor-b. 22 Purification of the media was then performed using diethylaminoethanol anion exchange chromatography (GE Healthcare Life Sciences, Baie d'Urfe Quebec, Canada) 22,23 using a gravity flow and a salt gradient. Batch elutions at 0.615 M NaCl were retained, filtered with a 100 kDa filter and stored at À80˚C. Total concentration was determined by bicinchoninic acid assay (SigmaAldrich, St. Louis, MO). The purity of the concentrated and filtered solution was confirmed using 3-8% Tris-Acetate sodium dodecyl sulfate polyacrylamide gel electrophoresis followed by Simply Blue protein stain (Life Technologies, Carlsbad, CA) and densitometry analysis (Image J, Bethesda, MD). 24, 25 PRG4 was prepared in phosphate buffered saline (PBS) at a physiological concentration of 450 mg/ml.
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HA HA of 1.5 MDa (Lifecore Biomedical, Chaska, MN) was prepared in PBS at a physiological concentration of 3.33 mg/ml. 27 
SF
Fresh bovine SF was obtained from Animal Technologies (Tyler, TX), aliquoted and stored at À80C until use. 28 
Boundary Lubrication Test Cartilage-Cartilage Test Sample Preparation
Osteochondral cores (radius [R] ¼ 6 mm) and annuli (R outer ¼ 3.2 mm and R inner ¼ 1.5 mm) with an intact articular cartilage surface were prepared from osteochondral blocks harvested from mature bovine stifle joints, obtained as above. 2, 20 Samples were rinsed vigorously overnight in PBS at 4˚C to rid the articular surface of residual SF, 2, 20 prior to lubrication testing in PBS. Samples were then bathed in 0.3 ml of
the subsequent test lubricants (core bathed in 0.2 ml, annulus bathed in 0.1 ml), completely immersing the articular cartilage surface, and left at 4˚C overnight prior to the next day's lubrication test. The samples were again rinsed with PBS after each test before incubation in the next test lubricant.
Cartilage-Glass Test Sample Preparation
Osteochondral annuli were prepared as described in the Cartilage-Cartilage Test Sample Preparation section above. Borosilicate glass cores (R ¼ 6 mm) were polished to a root mean square (RMS) surface roughness of 6.06 AE 0.76 nm 18 (measured using the ZeScope Optical Profiler, Zygo, Sanata Clara, CA). Briefly, the borosilicate glass was polished using a 6mm diamond suspension, working down to 3 mm, then 1 mm and finishing it on a 1/10 mm. A polishing cloth (Buelher TextMet 12 inch) was then used on a Struers Roloto Pol polisher. Samples were polished for $3 h and then were visually checked to assess the progress. To refine to ideal RMS surface roughness, samples were polished and assessed using the ZeScope.
Lubrication Test
A Bose ELF 3200 (BOSE ElectroForce Systems Group, Eden Prairie, MN) was used to analyze the boundary lubrication ability of test solutions at each interface, essentially as described previously (Fig. 1) . 2, 20 Briefly, in each test setup all samples were compressed by 18% of the total cartilage thickness. Samples were allowed to stress-relax for 40 min to enable fluid depressurization of the interstitial fluid. Samples were then rotated AE2 revolutions at varying effective sliding velocities (v eff ¼ v Á R eff , where R eff is effective radius (¼2.4 mm) and v is angular velocity 2, 20 ) of 10, 3, 1, 0.3, 0.1, 0.01 mm/s; with a pre-sliding duration of 120 s between rotation. Two sequential test sequences (n ¼ 4 each) were employed at both cartilage-glass and cartilage-cartilage interfaces: 1) PBS, PRG4, SF; and 2) PBS, HA, SF.
Data Analysis
Two kinetic coefficients of friction were calculated from the measured torque (t) during the 2nd revolution and the axial load (N). The first kinetic coefficient of friction was derived from the classic formula, and was determined as <m kinetic > ¼ t/ (R eff Á N) and normalized to the load during the 2nd revolution. The second kinetic coefficient of friction was determined as <m kinetic,Neq > ¼ t/(R eff Á N eq ), normalized to the equilibrium axial load in cartilage (N eq ). 20 N eq is the equilibrium normal force measured after compression and stress relaxation prior to articulation of the test surfaces, which neglects the viscoelastic and hydrodynamic forces that cause variations in the instantaneous measured N during the revolutions. Data are presented as mean AE SEM. Two-way ANOVA was used to assess the effect of lubricant and velocity on kinetic friction, with Tukey posthoc testing to compare lubricants. Additionally, two-tailed Ttests were used to assess the effect of test interface on kinetic friction in each test lubricant at every velocity.
RESULTS

Test Characterization
The characteristics of the measured torque were similar at both counterfaces, while axial load varied. Measured t data reached a steady state during the 2nd revolution for both configurations, shown for 0.01, 0.3, and 10 mm/s in PBS, HA, PRG4, and SF ( Figs. 2A-D and 3A-D) . The axial load (negative values indicate a compressive load) also reached a steady-state value for cartilage-glass (Fig. 3E-H) , but not for cartilage-cartilage where it demonstrated cyclical behavior during revolutions (Fig. 2E-H) . The measured equilibrium axial load and calculated effective contact pressure (mean AE SD) of the tests were 2.66 AE 0.89 N and 0.11 AE 0.04 MPa, respectively.
Cartilage-on-Cartilage Friction
For all tests, <m kinetic > and <m kinetic,Neq > values were highest in PBS and lowest in SF, and values in HA and PRG4 were intermediate. <m kinetic > values appeared to decrease as velocity increased (Fig. 4A) . Values of <m kinetic > varied with test lubricant and velocity (both p < 0.010), with no interaction (p ¼ 0.947). Values of <m kinetic > in PRG4 were significantly lower than PBS and significantly greater than Figure 1 . Schematic of test samples (A), cartilage-cartilage (B) and cartilage-glass (C) friction test setups (where t is torque, N is axial load, and v is angular velocity).
CARTILAGE BOUNDARY LUBRICATION: GLASS VERSUS CARTILAGE
2925
SF (both p < 0.01), while values in HA were also significantly less than PBS (p < 0.001) yet similar to SF (p ¼ 0.132). Values of <m kinetic > in PRG4 were similar to HA (0.456), and SF was significantly lower than PBS (p < 0.001). <m kinetic,Neq > values varied dependent on lubricant; those in PBS and PRG4 appeared to increase as velocity increased whereas HA and SF values appeared to decrease with increasing velocity (Fig. 4B) . <m kinetic,Neq > values varied with test lubricant (p < 0.001) but remained unchanged with respect to velocity (p ¼ 0.335), with no interaction (p ¼ 0.655). As observed with <m kinetic >, values of <m kinetic,Neq > in PRG4 were again significantly lower than PBS (p < 0.05) and significantly greater than SF (both p < 0.001), while values in HA were also significantly less than PBS (p < 0.001) yet similar to SF (p ¼ 0.408) Values of <m kinetic,Neq > SF were again lower than in PBS (p < 0.001), yet this time HA was significantly lower than PRG4 (p < 0.05) with those in HA appearing to be lower at higher velocities compared to PRG4.
Cartilage-on-Glass Friction
For all tests <m kinetic > and <m kinetic,Neq > values were highest in PBS and lowest in SF, values in HA were similar to PBS and values in PRG4 were similar to SF. <m kinetic > values appeared to vary slightly over increasing speed, but followed similar trends across all lubricants (Fig. 4C) . <m kinetic > values varied with test lubricant and velocity (both p < 0.010), with no interaction (p ¼ 0.701). Values of <m kinetic > in PRG4 were significantly lower than PBS (p < 0.001) and similar to SF (p ¼ 0.999), while <m kinetic > in HA was similar to PBS (p ¼ 0.602) and significantly higher than SF (p < 0.001). Values of <m kinetic > in PRG4 were also significantly lower than in HA and SF was lower than PBS (both p < 0.001). <m kinetic,Neq > values appeared to increase as the effective velocity increased (Fig. 4D) . <m kinetic,Neq > values varied with test lubricant and velocity (both p < 0.001), with no interaction (p ¼ 0.899). As observed with <m kinetic >, values of <m kinetic,Neq > in PRG4 were significantly lower than PBS (p < 0.001) and similar to SF (p ¼ 0.868), and values of HA were similar to PBS (p ¼ 0.399) and significantly greater than SF (p ¼ 0.001). Values of <m kinetic, Neq > in PRG4 were also again significantly lower than in HA, and SF was lower than PBS (both p < 0.001).
Cartilage-on-Cartilage Versus Cartilage-on-Glass Friction
In every test lubricant and at each velocity tested, both <m kinetic > and <m kinetic,Neq > were significantly greater at the cartilage-glass interface compared to the cartilage-cartilage interface (p < 0.001-p < 0.05, Table 1 ).
DISCUSSION
The results of this study demonstrate the frictionreducing ability of putative cartilage boundary lubricants can be affected by the counterface of in vitro tests; specifically in terms of magnitude and velocity dependent behavior of kinetic coefficients of friction, and their relative effectiveness to reduce friction. At a physiological cartilage-cartilage interface, HA, and PRG4 both effectively reduced friction compared to PBS at lower velocities, with HA demonstrating similar friction reducing ability to that of whole SF at higher velocities and PRG4 showing little ability to reduce friction. Conversely, at a cartilage-glass interface, HA demonstrated no friction reducing ability compared to PBS, and PRG4 appeared just as effective as SF. Additionally, in every test lubricant and at each velocity tested, friction coefficients were significantly greater at the cartilage-glass interface compared to the cartilagecartilage interface. Collectively these results demonstrate the importance of a test counterface when assessing the in vitro friction reducing ability of macromolecular cartilage lubricants present in SF.
This study analyzed lubricants of interest, HA, and PRG4, at cartilage-cartilage and cartilage-glass interfaces using an in vitro rotational test setup. The in vitro setup employed here does not wholly represent the ex vivo test setup, where many modes of lubrication are operative, 16 however, it does allow for (at lower velocities) the measurement of friction of lubricants of interest in a boundary mode. Furthermore, the use of the same test protocol 20 with varying interfaces over a range of velocities enabled direct comparisons of the friction reducing ability of PRG4 and HA under varying conditions. Two friction coefficient calculations were employed due to the difference in the measured axial load behavior between interfaces during revolutions. The cyclical load measured during rotation for cartilage-cartilage has been observed previously and was attributed in large part to fluid pressurization. 20 Although the resulting values between <m kinetic > and <m kinetic,Neq > varied, the trends observed between different lubricants and conclusions drawn were consistent. In all cases, and at both test interfaces, friction was highest in PBS and lowest in SF, thus demonstrating their appropriateness as negative and positive controls, respectively, here. While there was a dependence of <m kinetic,Neq > on velocity at the cartilage-glass interface, this was a weak dependence (which has been observed on mica surfaces with polymer brushes using a surface force balance 29 ) as typical changes in friction coefficients can be over orders of magnitudes. Conversely, at the cartilage-cartilage interface there was no observed dependence of on velocity, which is supportive of a boundary mode of lubrication being operative. Values of <m kinetic > varied with velocity at both interfaces, though did not increase monotonically as observed with <m kinetic,Neq > at the cartilageglass interface, which can be attributed to the elevated axial load at higher velocities during the 2nd test revolution from which <m kinetic > are CARTILAGE BOUNDARY LUBRICATION: GLASS VERSUS CARTILAGE calculated. Additionally, at the cartilage-cartilage interface static friction was greater than kinetic and the static friction coefficient approached the value of the <m kinetic,Neq > as velocity decreased, as observed previously. 20 At a cartilage-glass interface static friction also decreased with velocity but in general was less than kinetic friction as there was lack of a stiction spike at slower velocities (data not shown). This difference may be due the amorphous nature of the glass surface and an altered/diminished inter digitation of lubricant molecules at the cartilageglass interface.
The ability of PRG4 to lubricate, over varying speeds, at both cartilage-glass and cartilage-cartilage interfaces agrees with previous studies at cartilage-glass, 19 latex-glass, 10 and cartilage-cartilage 2 interfaces. PRG4 was able to lubricate efficiently at lower speeds at a cartilage-cartilage interface, which is consistent with previous results. 2 This data suggests the PRG4 is able to adsorb to both surfaces, glass or cartilage, in a functional manner and reduce friction (likely with its terminal domain(s) bound to the surface such that the negatively charged mucin domain is exposed and can promote the formation of aqueous fluid films that can lower friction 12 at slow speeds with surface to surface contact). Interestingly, at higher speeds where a transition away from the boundary mode of lubrication could occur despite a stationary contact area and the viscosity of the lubricant, the lubricating ability of the non-viscous PRG4 diminished and was similar to that of PBS.
The boundary lubricating ability of HA observed in this present study was dependent on the test interface. At a cartilage-glass interface HA was unable to reduce friction and was similar to that of PBS, which in general agrees with previous studies demonstrating HA has no boundary lubricating properties at synthetic surfaces (latex-glass and cartilage glass). 10, 19 However, at a cartilage-cartilage interface HA was able to reduce friction compared to PBS, and was similar to that of PRG4 at low speeds. 2 Interestingly, presumably the HA would interact with the single cartilage surface in the cartilage-glass interface in a similar manner to both cartilage surfaces at the cartilage-cartilage interface, by forming a low shear strength interfacial layer to reduce friction. However, based on the much poorer lubricating ability of HA at slow velocities at the cartilage-glass interface, the data suggests the HA interacts differently, or not at all, with the glass surface. This could be due to an electrostatic repulsion between negatively charged HA and the glass surface, as others have employed NHS chemistry to graft HA to glass, 30 though future work would be required to fully elucidate if one was interested in the molecular mechanisms of cartilage-glass lubrication. It is certainly conceivable that a cartilage-glass interface is biased to HA by inhibiting its adsorption/efficacy and/or promoting removal from the glass surface, and therefore is not ideal for the study of the boundary lubricating properties of HA. At higher speeds HA functioned as a more effective lubricant than PRG4 and close to that of whole SF. This is could be due to HA's viscosity, much greater than that of PRG4 and similar to SF, contributing to a greater extent at higher effective velocities of articulation where some type of mixed or fluid-film mode of lubrication could be operative in the test setup.
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Collectively, these results are consistent with previous studies demonstrating HA does not function as a boundary lubricant at a cartilage-glass interface, but does so at a cartilage-cartilage interface in a similar manner to PRG4 at slow velocities. The in vitro friction test methods employed in this study included a previously described cartilage-cartilage setup, 20 which was modified to also study a cartilage-glass interface. The motivation, and advantage, of these setups is the use of a physiological, intact articular cartilage surfaces and test parameters such that boundary mode of lubrication could be studied at lower effective sliding velocities. Specifically, the minimizing the effects of fluid pressurization in the stationary contact area during articulation. As mentioned previously, 20 the levels of compression used here are slightly higher than physiological levels, and ensured full and consistent contact of the physiological surfaces during articulation. The resulting effective pressures were $0.1 MPa (or $1 atm), and resulted in a kinetic friction coefficient of $0.02 for SF. One potential disadvantage of this system is that the pressure is significantly less than the >5 MPa (up to 18 MPa, or $180 atm 31, 32 ) measured in vivo during articulation over a wide range of shear rates. However, this is due to the absence of fluid pressurization in these tests. Indeed, early during the stress relaxation periods peak loads in the tests employed here can achieve $20 N resulting in $0.5 MPa ($5 atm) demonstrating this effect. The use of synthetic, non-porous, non-hydrated surfaces, in the absence of fluid pressurization, enable very large loads to be applied in friction studies. One example of this the sophisticated and sensitive method is a surface force balance, 33, 34 which enables molecular mechanisms to be probed on cleaved mica sheets at a fundamental level. An underlying assumption of this powerful approach is that the lubricating molecules of interest interact/coat surfaces in boundary layers that are representative of those at physiological cartilage surfaces. In an elegant study Seror et al. 33 examined friction with HA grafted to the surface and proposed a supramolecular synergy in the boundary lubrication of synovial joints where biological lubricant molecules (e.g., HA, phospholipids, and PRG4) interact together to provide extreme lubrication (coefficient of friction m % 0.001 at pressures to over 100 atm in this in vitro test system without fluid pressurization) via the hydration-lubrication mechanism. While the present works highlights the fact that surfaces affect friction measurements, when all else is kept constant, and it is not appropriate to compare absolute values between test setups, continued research with various test setups, each with their advantages and disadvantages, will continue to push forward the understanding in the field of cartilage biotribology.
By definition a boundary lubricant must bind to an interface to function. 5, 21 An adaptive mechanically controlled lubrication mechanism was postulated at the articular cartilage surface. 21 This proposed mechanism is based on a PRG4 þ HA complex having an adaptive role under varying compression. Under low loads and shear velocities PRG4 is adsorbed to the cartilage surface and is entangled with HA to create a PRG4 þ HA complex, thus providing a source of boundary lubrication. 21 During higher loads the HA is mechanically trapped providing wear protection, and PRG4, due to its weaker surface attachment, is able to be sheared and redistributed to areas of higher shear forces and normal pressures. 8, 21, 35, 36 It has also been suggested that there is a non-specific interaction between PRG4 and HA, where PRG4 anchors HA near the tissue surface and allows for low friction at a boundary mode of lubrication. 6 Recently, non-covalently bound HA-binding peptides have been shown to enable improved adsorption of HA to tissues and biomaterial surfaces and provided friction reducing capabilities at both healthy and osteoarthritic human cartilage interfaces in a boundary mode of lubrication, 37 further emphasizing HA's ability to function as a cartilage boundary lubricant. A similar result of HA's enhanced boundary lubricating capabilities was noted when it was chemisorbed on ocular tissue. 38 Similarly, PRG4 has also been chemically modified to enhance its cartilage adsorption without altering its cartilage boundary lubricating ability. 39, 40 Whether through a natural (specific/ non-specific) interaction between PRG4 and HA, through a putative adaptive multimodal mechanism or chemical modifications strategies to enhance surface adsorption, the friction reducing ability and mechanism of PRG4 þ HA at tissues and biomaterials, such as cartilage and contact lenses respectively, is an area of great interest that warrants future research.
In conclusion, the results obtained in this study suggest that the use of synthetic surfaces in experimentally studying cartilage boundary lubrication may not always be appropriate for all molecules of interest for in vitro friction testing. A cartilage-cartilage test interface allows for physiological interactions between lubricants and cartilage surfaces. In addition, care should be taken when interpreting data from different in vitro test geometries and test interfaces, specifically when comparing to data obtained at an in vitro cartilage-cartilage interface, and especially when extrapolating it to in vivo situations.
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